Colicins are produced by many gut bacteria, and each one displays a highly specific antimicrobial activity. They are secreted by immune Escherichia coli strains to kill competing bacteria and may be important in the colonization of new habitats (1) . Their interaction with sensitive E. coli proceeds via three steps: binding to one or more outer membrane proteins, translocation across the periplasm with the aid of Tol or Ton protein systems, and subsequent killing that is achieved by enzymatic cleavage of nucleic acids (2) or pore-formation (3) . A different structural domain mediates each step. Colicins are assigned to group A or B according to the proteins required for their translocation (4, 5) . Group A utilizes the Tol QRAB gene cluster and includes colicins A, N, E1, and K (3) . Colicin N is the smallest known pore-forming colicin (42 kDa instead of Ͼ60 kDa for the others) (6) . Colicin N binds outer membrane receptor OmpF via its receptor binding domain (R-domain). The translocation domain (T-domain) 1 then interacts with TolA in the periplasm, and the pore-forming domain (P-domain) is subsequently translocated to the inner membrane. The study of colicins has already given insights into basic biological processes such as protein folding, protein-protein interactions, and ion channel formation, and the simplicity of colicin N makes it a good model for studying mechanisms of translocation across membranes.
TolA spans the periplasm with its central domain (TolA-II), which connects the N-terminal (TolA-I) inner membrane domain to the C-terminal (TolA-III) domain. TolA-II is required for colicin A and N but not E1 activity (7) but the molecular details of this requirement are not yet clear. The TolA-III domain binds to N-terminal domains of both group A colicins and the g3p protein of filamentous phage (8 -11) , thus intriguingly providing a common entry point for two apparently unrelated invading proteins. The binding of isolated colicin N T-domain to TolA-III can be measured in vitro (12) , and this has enabled the definition of the complete colicin N TolA box (13) (Fig. 1) . The two tryptophans Trp 44 and Trp 46 are used as intrinsic probes of TolA binding in a fluorescence assay because TolA-III is tryptophan-free. Exposed to the solvent in the soluble form, they are buried after binding to TolA-III causing an increase and blue-shift of their fluorescence (12) . Both are needed for binding and contribute equally to the observed fluorescence change (13) . Circular dichroism (CD) and fluorescence studies indicate that the T-domain is unstructured (12) , in accord with the x-ray crystallographic structure analysis of colicin N (14) that failed to detect electron density for residues 1-90 of the T-domain, indicating that it is disordered in the crystal. This observation was further supported by preliminary 1 H NMR spectra of the Tdomain, which showed an absence of extensive secondary structure elements. 2 Similarly, in the two known group B colicin structures, the N-terminal 83 residues of colicin E3 are invisible 1 The abbreviations used are: T-domain, translocation domain; AE-DANS, amino-ethyl-amino naphthalene-1-sulfonic acid; DSS, 2,2-dimethyl-2-silapentane-5-sufonic acid; FRET, fluorescence resonance energy transfer; GdmHCl, guanidinium hydrochloride; IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid; NTA, nitrilotriacetic acid; SPR, surface plasmon resonance; P-domain, poreforming domain.
2 E. Raggett, J. H. Lakey, R. Boetzel, and G. R. Moore, unpublished observations. (15) , whereas the first 23 residues of colicin Ia are not visible, and the next 44 have no defined secondary structure (16) . Such an absence of clear electron density could be because of static or dynamic disorder of the protein in the crystal, but the characterization by NMR of intact colicin E9, whose translocation domain is almost identical to that of colicin E3, shows it is in dynamic disorder (17) . Inspection of the glycine-rich amino acid sequences of the remaining colicin T-domains indicates that these are likely to be similarly unstructured. Hence the behavior of the colicin N T-domain is representative of the whole colicin family. The unstructured T-domain binds to TolA-III with a K d ϭ 1-2 M (from calorimetry and fluorescence) and an association rate of 10 5 s
Ϫ1
(stopped-flow fluorescence). The entropy change measured by calorimetry is large and may correlate with the structuring of the T-domain during binding (12, 18) . Recent reviews have illustrated the importance of comparable natively unstructured proteins in molecular recognition throughout biology (19 -21) . Here we have used fluorescence resonance energy transfer (FRET) and NMR to study the solution dynamics and conformational changes of the flexible colicin N T-domain upon TolA-II,III binding (22, 23) .
EXPERIMENTAL PROCEDURES
Mutagenesis and Protein Production-The T-domain nucleotide sequence, coding for amino acids 1-90 of colicin N, was cloned into a modified pET8c vector, which adds a His 6 Ser 2 tag at the N terminus for easier purification (12) . Mutagenesis was carried out using QuikChange (Stratagene) and appropriate oligonucleotides (MWG-Biotech AG). Mutant proteins were expressed in an E. coli BL21(DE3) pLysE strain. 20 ml of overnight culture were used to inoculate 500 ml of M9-LB medium with 100 g ml Ϫ1 of ampicillin and 25 g ml Ϫ1 of chloramphenicol. Protein production was induced at an OD 600 of 0.8 by addition of isopropyl-1-thio-␤-D-galactopyranoside to a 1 mM final concentration. Cells were grown for an additional 4 h and then spun down, and the pellets were frozen. Cells were thawed into 50 mM NaH 2 PO 4 , pH 8.0, 10 mM imidazole, 20 mM ␤-mercaptoethanol, 1 mg ml Ϫ1 lysozyme, 10 g ml Ϫ1 DNase, 20 g ml Ϫ1 RNase, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM benzamidine (2 ml of lysis buffer per gram dry weight of bacteria). They were incubated on ice for 45 min with occasional vigorous shaking. Bacteria were sonicated on ice for 5 min with a microtip on maximal output (Ultrasonic Generator 7533A, Ultrasonics, Dawe Instruments). Broken cells were centrifuged for 60 min at 4°C at 45,000 rpm in a 45TI rotor (Beckmann L7 centrifuge). The supernatant was stored at 4°C, and the pellet was washed with the same buffer (1 ml of buffer/g dry weight of bacteria). Incubation for 30 min on ice was followed by 3-min sonication and centrifugation at the same conditions. The supernatant was merged to the first one and applied to a 3-ml Ni-NTA column (Qiagen, Crawley, UK) equilibrated in 50 mM NaH 2 PO 4 , pH 8.0, 10 mM imidazole, and 20 mM ␤-mercaptoethanol. Unbound protein was eluted with the same buffer, and the bound T-domain was eluted with 300 mM imidazole in the same buffer. Protein was dialyzed three times against 5 liters of 10 mM NaH 2 PO 4 , pH 7.4 at 4°C and aliquoted and stored at Ϫ20°C. A further purification step on a Mono S column (Amersham Biosciences) was performed if impurities were observed on SDS-PAGE gels. In all, wild-type T-domain plus six cysteine mutants were produced: N53C, S58C, S61C, F66C, N70C, and N71C. TolA-II,III (amino acids 43-421 of SwissProt accession no. P19934) and TolA-III (amino acids 296 -421) were produced in the same expression system. Coding regions for both proteins were amplified from pSKL17 using appropriate oligonucleotide primers (24) . They carry XhoI and MluI sites at the N and C terminus, respectively. Products were cloned in a modified pET8c vector and expressed and purified as outlined above. Pure proteins were aliquoted and stored at Ϫ20°C. A 15 N-labeled binding box T-domain peptide comprising residues 40 -76 with a GSG N-terminal extension (T-domain 40 -76 ), was produced as previously described (25) in order to check conformational changes by NMR. In brief, residues 40 -76 of the T-domain were fused to the C terminus of TolA-III. Fusion protein was expressed and purified as described above and the peptide cleaved from the TolA-III by enterokinase. The peptide was separated from the uncleaved fusion and TolA-III by ion-exchange chromatography using a Mono S column. The peptide was concentrated with a Speed-Vac (Savant, Albertville, MN) and desalted on PD-10 columns (Amersham Biosciences). Its binding to TolA-II,III resembled the binding of the full-length T-domain since a K d of 1.3 M was obtained by the surface plasmon resonance (SPR) measurement. In addition, the tryptophan fluorescence spectrum exhibited the same increase and blue-shift upon TolA-II,III binding. 3 Labeling of Cysteine Mutants-Approximately 3 mg of pure cysteine mutant were incubated for at least 3 h at 4°C in 20 mM NaH 2 PO 4 , pH 7.4, 20 mM ␤-mercaptoethanol to completely reduce thiol groups. This protein solution was added to an equal volume of the same buffer with 300 mM NaCl and applied to a 0.75-ml Ni-NTA-agarose column preequilibrated with the same high salt buffer. The column was well washed with 10 ml of 20 mM NaH 2 PO 4 , pH 7.4, 300 mM NaCl (buffer A) in order to remove all ␤-mercaptoethanol and then washed with a few milliliters of 4 mM IAEDANS (Molecular Probes Inc.) in the same buffer. Flow was stopped after the last milliliter was applied, and the column was incubated in the dark for 4 h at room temperature. The column was then washed with buffer A until all free IAEDANS were eluted (i.e. until A 340 dropped below 0.02). Bound labeled protein was eluted from the column with buffer A containing 200 mM imidazole. Fractions with protein were pooled and dialyzed three times for at least 4 h each time against 1 liter of 20 mM NaH 2 PO 4 , pH 7.4, at 4°C. The yield of labeling was calculated from the absorbance at 340 nm for IAEDANS (⑀ 340 ϭ 6000 M Ϫ1 cm Ϫ1 ) and 280 nm for T-domain mutants (calculated from the amino acid composition, ⑀ 280 ϭ 13,000 M Ϫ1 cm Ϫ1 ). Labeled samples were analyzed on SDS-PAGE to check whether all probe was covalently attached to the protein. Labeled bands were visualized under a transilluminator. No residual probe was observed. Samples were aliquoted in black plastic 1.5-ml sample tubes (Eppendorf) and stored at Ϫ20°C.
Fluorescence Measurements-Fluorescence spectra were recorded at 25°C on an SLM 8100 spectrofluorometer operating in ratio mode. Emission bandwidth was 8 nm; excitation bandwidth was 16 and 4 nm for emission and excitation spectra, respectively. Excitation wavelength for emission measurements was 295 nm, and spectra were scanned from 300 -400 nm. For excitation spectra, emission was followed at 490 nm, with excitation wavelength scanned from 250 to 400 nm. Excitation spectra required further correction due to polarization anomalies, and this was assisted by placing a Cornu pseudo-depolarizing prism in the excitation beam (26, 27) . The correction factor consisted of a normalized ratio mode excitation spectrum of rhodamine (0.3% in ethylene glycol, front face illumination of Helma 111.061QS triangular cuvette). Steady-state polarization anisotropy measurements were carried out using the T-format configuration, and each value was a mean of 10 measurements. Buffer was always 20 mM NaH 2 PO 4 , pH 7.4, 300 mM NaCl. A sample of a T-domain mutant, 500 l, was placed in a 0.5-cm pathlength cuvette (Hellma 101.106). TolA-II,III was added from a stock solution (60 M), and sample was well mixed before the measurements. The absorbance at the excitation wavelength of the protein samples used was never more than 0.05 to avoid inner-filter effects. The spectra were corrected for dilution and Raman scatter contribution by subtraction of a buffer blank.
Measurements of Resonance Energy Transfer Efficiency-Two methods were used to determine the resonance energy transfer efficiency (E) between the tryptophan residues and IAEDANS. In the first method the tryptophan quantum yields were determined in the absence (Q D ) and in the presence (Q DA ) of the acceptor (AEDANS) by comparison to a compound with a known quantum yield, N-acetyl-tryptophanamide (Sigma). The accurate determination of the quantum yields in solution and in the presence of TolA-II,III is mandatory, since the binding of the T-domain to TolA-II,III is accompanied by an increase in tryptophan fluorescence (quantum yield), which makes any direct conclusions about the energy transfer from the changes of fluorescence intensity inaccurate. Quantum yield was calculated using Equation 1,
where F is the protein fluorescence, and F Trp is fluorescence of N-acetyltryptophanamide; both integrated between 300 and 400 nm. A and A Trp are the absorbances of protein and N-acetyl-tryptophanamide at 280 nm, respectively. A quantum yield of 0.14 was used for N-acetyl-tryptophanamide. Absorbance was measured in a Cary 4 spectrophotometer under the same conditions as subsequent fluorescent measurements. E was then calculated from Equation 2,
where Q DA is the quantum yield of the donor in the presence of acceptor (labeled protein), and Q D is the quantum yield of the donor in the absence of acceptor (unlabeled protein). In the second method, the transfer of energy from tryptophan was directly observed as an increase at 290 nm in the AEDANS excitation spectrum normalized at 340 nm (23) . E was calculated according to Equation 3 ,
where F 290 and F 340 are the corrected intensities of the excitation spectrum and ⑀ A290 (1200 M Ϫ1 cm Ϫ1 ) and ⑀ A340 (6000 M Ϫ1 cm Ϫ1 ) are the AEDANS extinction coefficients at 290 nm (excitation wavelength of tryptophan) and 340 nm (excitation wavelength of AEDANS), respectively. ⑀ D290 (9200 M Ϫ1 cm Ϫ1 ) is the extinction coefficient of the two tryptophan donors at 290 nm.
Calculation of Donor-Acceptor Separation-The measured transfer efficiencies were used to calculate the donor-acceptor separation (R) by Equation 4 ,
where R 0 is the Förster critical distance at which E is 50%. R 0 was calculated in the usual manner in Equation 5 ,
where n is the refractive index of solution (taken as 1.4), Q D is the donor quantum yield, determined in each case exactly as described above, 2 is the orientation factor and was taken as two-thirds. J is the overlap integral (in cm 3 M Ϫ1 ) as given by Equation 6 ,
where F()is the corrected fluorescence of the protein sample excited at 295 nm, and ⑀ is the extinction coefficient of attached AEDANS expressed in M Ϫ1 cm Ϫ1 . J was numerically integrated at 1-nm intervals. Stopped-flow Measurements-An Applied Photophysics model SX-17MV fitted with a Hamamatsu Photonics 150W Hg-Xe lamp (model L2482) was used to follow the enhancement of tryptophan and AE-DANS fluorescence in the presence of TolA-II,III. Excitation wavelength was 295 nm with a bandwidth of 2.35 nm, while all emission above 320 or 420 nm was collected via a WG320 Schott high-pass filters for unlabeled tryptophan fluorescence or labeled AEDANS fluorescence, respectively. The cell pathlength was 2 mm (excitation) and 1 mm (emission), and the dead time of mixing was ϳ1.5 ms. Buffer used in all measurements was 20 mM NaH 2 PO 4 , pH 7.4, 300 mM NaCl, filtered through a 0.2-m filter prior use. Protein samples were allowed to equilibrate at 25°C prior to use and centrifuged to pellet particulate material if necessary. The fluorescence versus time data were analyzed using SX.17MV software version 4.22 exactly as described (13) . Concentration of the T-domain mutants was kept at 0.1 M, while TolA-II,III was at least at 10-fold higher concentrations. Under these conditions the reaction should follow pseudo first-order kinetics. The plot of k obs against [TolA-II,III] allowed estimation of k 1 from the slope and k Ϫ1 from the ordinate intercept. As the ratio of k 1 /k Ϫ1 represents the equilibrium constant K a , the affinity constant of T-domain-TolA-II,III interaction can be determined.
SPR Measurements-SPR measurements of T-domain binding to TolA were performed on a BIAcore system as described previously (13) . TolA-II,III was immobilized on a CM5 chip. The binding kinetics were measured by passing a concentration series of T-domain mutants or binding box peptide over the surface of the chip. Rate constants, k a and k d , were recovered from the fits of the binding curves using BIAevaluation software. The equilibrium dissociation constant, K d , was then calculated from the ratio k d /k a .
NMR Measurements-NMR measurements were carried out using Varian Unity Inova 500 or 600 spectrometers, operating at 1 H frequencies of 499.865 MHz and 599.162 MHz and 15 N frequencies of 50.66 MHz and 60.72 MHz, respectively and with pulse sequences incorporated into the Varian Protein Pack suite of experiments. NMR data were processed using Varian VNMR or NMRPipe (28) . Prior to Fourier transformation, a sine bell-shaped window function with a 90°shift was applied to each dimension for apodization. The indirect dimensions were linear-predicted once, and then the spectra were zero-filled in all dimensions to double the number of data points. Proton chemical shifts were referenced to external DSS, and nitrogen chemical shifts indirectly to DSS as described by Wishart et al. (29) 1 H-15 N HSQC and 15 N NOESY-HSQC spectra were acquired using a ϳ300 M solution of T-domain 40 -76 in 50 mM acetate buffer. The pH was adjusted to ϳ5 for long term stability. Subsequently, aliquots of unlabeled TolA-III were added and further spectra acquired at molar ratios ranging from 1:0.25 to 1:4. A 15 N NOESY-HSQC spectrum (mixing time of 75 ms) was obtained at the 1:2 ratio.
Diffusion experiments for extraction of the hydrodynamic radius R h were performed with unlabeled T-domain using the longitudinal encode-decode gradient-echo sequence (30, 31) through acquisition of spectra with varying gradient strengths and plots of variations in signal intensity as a function of gradient strength, according to Equation 7 ,
where A refers to the peak intensity for a given gradient strength G; A 0 to the peak intensity in the absence of gradients; ⌬ denotes the separation between leading edges of the gradients; ␦ is the duration of the gradient pulse of strength G, and ␥ the magnetogyric ratio of 1 H. A non-invasive compound, dioxane (with R h ref ϭ 2.12 Å), was added to the protein solutions (32) , and R h prot was obtained from the slopes, S prot and S ref , of the semilogarithmic fits of Equation 7 for resonances of the protein and reference compounds, respectively, according to Equation 8 .
The diffusion experiments were performed on the T-domain peptide in 100% D 2 O containing 20 l of 1% dioxane in D 2 O, with gradient strengths between 1.7 and 21.5 G/cm at 298 K. The gradient strength was calibrated using the diffusion coefficient of water at 298 K (2.3 ϫ 10 Ϫ5 cm 2 /s). The delays ⌬ and ␦ were held constant for all experiments, at 113 and 7.8 ms, respectively. Peak intensities for several peaks across the spectrum in the aromatic and aliphatic regions were measured using VNMR. All data fitting were performed in Origin 4.1 (Microcal Software Inc.).
RESULTS
Properties of Cysteine Mutants-In order to study conformational changes of the T-domain upon binding to its periplasmic receptor TolA-III, six cysteine mutants were produced within the binding box of the colicin N T-domain (Fig. 1) . Two mutants (S58C and S61C) were chosen at sites in the middle of the binding box known not to affect the binding affinity (13) . One mutant (N53C) was set just before the residues critical for the binding, and two mutants (N70C and N71C) were placed just after the binding box. These two consecutive residues were mutated to have a reliable double control for the calculation of the final distances between the tryptophans and AEDANS. Another mutant (F66C) was placed at a non-permissive site and was used as a negative control, i.e. in the absence of the binding no changes in either tryptophan or AEDANS fluorescence should be observed. Isolated mutants were pure as viewed by SDS-PAGE under reducing conditions. The binding to TolA-II,III was measured by tryptophan fluorescence and SPR ( Fig. 2 and Table I ). S58C, S61C, N70C, and N71C exhibit binding comparable to the wild-type T-domain. N53C showed weaker binding. As expected F66C did not bind, but S58C showed slightly tighter binding than the wild-type T-domain. All mutants were fully labeled. This was expected since the Residues that were mutated to cysteines are white. Residues that inhibit binding to TolA when mutated to alanine (non-permissive sites) are shown as black circles; those with no effect as white circles (permissive sites). The line below the sequence marks the length of the binding box peptide used for NMR studies.
thiol side chains of the T-domain should be largely exposed. Labeling did not affect the binding to TolA-II,III, as the determined K d values were approximately the same for labeled or unlabeled samples.
Tryptophan anisotropy values were similar for all mutants in solution (Table I ) and increased to values between 0.062 and 0.067 for mutants showing complete binding. These similar increases indicate that in all cases tryptophans were placed in the same environment and that the binding was complete at 11 M TolA-II,III. As expected, mutants S53C and F66C showed small or non-existent increases in tryptophan anisotropy. Also as expected, all mutants in solution showed low AEDANS polarization anisotropy values (Table I and Fig. 2D ), which increased in the presence of 11 M TolA-II,III and showed site-specific values for each mutant. When bound to the larger TolA-II,III, local mobility becomes important, and differences in anisotropy can be interpreted in terms of local steric effects, i.e. AEDANS is the least mobile in S61C, which is next to a residue (Tyr 62 ) whose mutation completely abolishes binding. Emission and Excitation Spectra-The emission and excitation spectra of S58C, F66C, and N71C are shown in Fig. 3 . The spectrum of S61C was qualitatively similar to S58C, and those of N70C were similar to N71C (data not shown). The decrease in the tryptophan fluorescence in labeled mutants is the consequence of energy transfer to AEDANS because: (i) enhanced AEDANS fluorescence was measured in all cases and (ii) a tryptophan contribution between 270 and 300 nm is present in the AEDANS excitation spectra, (Fig. 3, right) . Labeled S58C, S61C, N70C, and N71C mutants exhibited the expected increase and blue-shift of tryptophan fluorescence upon addition of TolA-II,III. TolA-II,III does not contain any tryptophans, and its fluorescence caused by tyrosines is negligible when excited at 295 nm. The blue-shift of tryptophan fluorescence was similar for all mutants, shifting from 348 -350 nm in solution to 333-334 nm in the presence of TolA-II,III. By contrast, the tryptophan fluorescence yield was much more variable, indicating either differences in quenching or in the extent of energy transfer due to changes in intramolecular distances. When energy transfer occurs, the donor quenching should be accompanied by acceptor enhancement values that lead to similar values of E. The large variations in AEDANS fluorescence changes upon TolA-II,III binding do match this expectation and indicate the occurrence of distance changes. Despite a large increase in tryptophan fluorescence, the emission from S58C AEDANS decreased in the bound state by ϳ10% in comparison to solution. On the other hand, despite a small increase in tryptophan fluorescence, AEDANS fluorescence increased by ϳ80% in N71C. The energy transfer was further confirmed in excitation spectra, where the tryptophan component increased for N70C and N71C and decreased for S58C and S61C (Fig. 3,  right) . The emission maximum of AEDANS remained the same, 489 -490 nm, upon TolA-II,III binding in all four mutants. Thus in the bound state, the probe remains in a similar environment to that in solution, i.e. it is largely exposed to the aqueous phase. The labeled mutant F66C did not bind to the receptor since there was no change in the tryptophan fluorescence in the presence of TolA-II,III. AEDANS fluorescence remained the same for this mutant in both conditions. There were also no changes observed in its excitation spectrum. These results indicate that changes in AEDANS fluorescence result from the receptor-bound state and that binding and structural changes are linked.
In 5 M GdmHCl all labeled mutants showed increases in tryptophan yield compared with the solution state. This suggested that the distance between the tryptophans and the probe increased. This was confirmed by measuring AEDANS excitation spectra in 5 M GdmHCl. The observed FRET clearly correlated with the number of residues between tryptophans and AEDANS (Fig. 4) . Mutants closer to the probe (i.e. N53C) showed larger FRET than those located farther away (i.e. N71C). In all mutants FRET was less than in solution (i.e. compare the excitation spectrum of N71C in solution (Fig. 3) with the spectrum in GdmHCl (Fig. 4) ).
Donor-Acceptor Separation-For all functional mutants the tryptophan quantum yields altered in the presence of TolA-II,III. Since J, the overlap integral between the combined tryptophan emission and the AEDANS absorption, and consequently R 0 , are dependent on tryptophan quantum yield, it was necessary to determine its value for each case. The results are collected in Table II 2 , since it is difficult to correctly estimate it. However in our case, the donor orientation is highly anisotropic due to its low measured polarization, which may result from our use of a pair of neighboring tryptophans. It was therefore concluded that 2 ϭ 2 ⁄3 is a reasonable value in distance calculations. Values obtained for tryptophan quantum yield, overlap integral, and R 0 agree well with the values from the literature for both states, in solution or receptor-bound form when tryptophans are buried (33) .
The distance between tryptophans and AEDANS was estimated from the experimental data for all three conditions: in solution, in the presence of TolA-III, and when denatured by GdmHCl (Table III) . There are two clear effects when comparing soluble and receptor-bound states. In mutants S58C and S61C tryptophans move away from the probe upon TolA-II,III binding, while in mutants N70C and N71C tryptophans move closer to the probe. The difference between the two states is larger in the first case, where the distance increases by 3-4 or 5-6 Å for S58C and S61C, respectively. In mutants N70C and N71C the difference between the two states is in the range 1-3 Å. Although small, for each pair the same changes are observed in both mutants in both emission and excitation spectra. Stopped-flow Fluorescence Measurements-Fluorescent enhancement of both tryptophan and AEDANS versus time after mixing TolA-II,III and the T-domain was measured as described previously. The increase in tryptophan fluorescence was measured with unlabeled N71C, and the increase in AE-DANS fluorescence was measured with labeled N71C. This mutant was chosen because it showed the largest change in AEDANS fluorescence upon TolA-II,III binding. The increase in fluorescence was measured also for S58C. In this case the amplitude of the AEDANS signal change was very low and consequently data (not shown) could not be analyzed properly. The data obtained for N71C were fitted by non-linear least squares assuming a pseudo first-order reaction (Fig. 5, upper  panel) . T-domain concentration was kept low (0.1 M) in order to obtain as large an excess of TolA-II,III as possible. Concentrations of TolA-II,III higher than 5 M, which was used as the highest concentration, gave significant background fluorescence. These were avoided by performing all measurements at 10 -50-fold excess of TolA-II,III (1-5 M TolA-II,III). A linear relationship between the observed rates and [TolA-II,III] was observed, confirming that a pseudo first-order kinetic model was appropriate. The slope of the line gave the second-order association rate constant (k 1 ) and intercept gave k Ϫ1 . The k 1 values were identical, 1.1 Ϯ 0. (13), while the k Ϫ1 value for the wild-type was higher (0.37 s Ϫ1 ). Thus these mutants show a higher affinity compared with the wild-type T-domain (2.3 M), which qualitatively agrees with a higher affinity shown by SPR a The difference between maximal and minimal E, calculated using average of Q D and Q DA ϩ or Ϫ 1 S.D. is reported in parentheses. b The difference between maximal and minimal R, calculated using maximal and minimal E, is reported in parentheses. c Average Ϯ S.D. of 4 -10 independent measurements is reported. d The difference between maximal and minimal R, calculated using average of E ϩ or Ϫ 1 S.D. is reported in parentheses.
(N71C ϭ 0.66 M). However SPR (see earlier) does not show the above difference between N71C and N71C-AEDANS. NMR Measurements-Following our initial one-dimensional 1 H NMR evidence for the absence of secondary structure in the T-domain we determined the hydrodynamic radius of the Tdomain peptide to investigate whether it adopted a compact three-dimensional structure; for an extended strand the hydrodynamic radius will be much larger than for a compact structure. The value observed was 19.3 Ϯ 0.2 Å, compared with the expected radii for a fully folded and a completely unfolded protein of the same length of 18 and 30 Å, respectively (34) . This demonstrates that the T-domain does not exist as an extended strand in solution, but rather adopts a compact average conformation without forming long stretches of secondary structure.
The initial 1 H-15 N HSQC spectrum of the T-domain 40 -76 peptide in solution showed at least 35 peaks, excluding side chain signals, suggesting that all the backbone NH resonances were detected between 7.7 and 8.7 ppm ( 1 H). NOESY data collected on the peptide showed very few cross-peaks, presumably owing to its flexibility. The 1 H-15 N HSQC peaks of the T-domain 40 -76 are clearly not clustered in the narrow region (ϳ0.45 ppm 1 H) to be expected for a random coil, but are more dispersed, covering a range of 1 ppm ( 1 H), which indicates that the peptide has at least some regions of non-random structure. However, if the peptide were rigidly structured the NOESY spectrum would be expected to show considerably more crosspeaks than were observed.
Adding unlabeled TolA-III to the labeled T-domain peptide immediately caused new peaks to appear with some of the original peaks reducing in intensity. The number and intensity of the new signals continued to increase with further additions of TolA-III and the intensity of the original peaks reducing further. This trend continued until a 1:2 molar ratio was obtained. Increasing the ratio to 1:4 gave no further changes, indicating that the proteins were already fully bound. The appearance and position of the new peaks showed the peptide to be bound to TolA-III with almost all the peptide resonances being shifted and broadened (Fig. 6) . The lowest field signals of the unbound peptide arise from the tryptophan side chains at 9.9 and 10.1 ppm ( 1 H), and simultaneous with the decrease in intensity of these peaks, a new peak appeared at even lower field, 11.5 ppm 1 H (inset in Fig. 6 ). If this signal also arises from one or both tryptophans, this represents a large shift and would be in agreement with tryptophans 44 and 46 being in the binding site as suggested from fluorescence measurements. Thus, the NMR data clearly demonstrate that the colicin N T-domain 40 -76 peptide and TolA-III formed a complex and that the peptide adopts an organized structure in the complex.
DISCUSSION
The Properties of the Binding Box-In this article we have studied the changing dynamics of the flexible colicin N Tdomain as it binds to TolA-III. Single cysteine mutants of the isolated 90-residue T-domain, created for site-specific FRET studies, provided additional data about the T-domain-TolA-III interaction. By comparison with the binding constants of the wild-type T-domain (Table I ) a new mutation, N53C, was shown to inhibit binding; while F66C confirmed (13) the need for the benzyl side chain at this site. The other four mutants behaved similarly to the wild type. The normal binding for S58C and S61C was expected, as previous mutations to alanine at these sites did not reduce binding. Most probably these two polar groups are normally oriented toward solvent when in the complex. Similarly, the side chains of Asn 70 and Asn 71 are beyond the defined binding box. The binding of T-domain of colicin N to periplasmic receptor is unusual in its absolute dependence upon a large number of side chains. So far 14 of 27 residues in the minimal box have been shown to be required for the T-domain-TolA-III interaction. This is a much larger proportion than is generally found in scanning mutagenesis studies of protein-protein interactions (35) and may indicate the special requirements of an interaction where residues must maintain both the bound and the folded state.
FRET Determination of Intramolecular Distances-In order to investigate the complex binding of this flexible peptide we wished to compare dimensions of the fully denatured, free, and bound forms in solution using FRET. FRET can accurately provide absolute intramolecular distances comparable to known three-dimensional structures (23) or models (36) . The changes in conformation in different conditions can then be evaluated by reference to the calibrated distances. In the case of the T-domain the calculated distances of Trp-AEDANS separation have no independent three-dimensional information available to check the accuracy of the distance determination. Moreover, the estimated distances could be liable to error because of the presence of two tryptophans present in the Tdomain. However, both tryptophans (Trp 44 and Trp 46 ) can be considered as a single donor of resonance energy due to their proximity. The use of multiple donors and their proximity combine to decrease the polarization anisotropy of the fluorescence (37) increasing the likelihood that a value of 2 ϭ 2 ⁄3 is appropriate. In support of this low anisotropy, values (r Ͻ0.07) were recorded for all mutants even when bound to TolA (Table  I ). This compares with a minimum value of 0.087 in the Pdomain of colicin A used by us for previous FRET studies (38) .
2 is frequently listed as the biggest limiting factor in FRET studies. However in reports where it has been investigated it has been shown that the isotropic orientation of absorption and emission probes is apparently satisfied (39) . Additionally, we measured each distance using two separate mutants, which were AEDANS-labeled on neighboring cysteines. Agreement between these, especially in the distance changes, provides a way to confirm the lack of order in 2 . A final control in our case was to measure the labeled mutants denatured with GdmHCl, and in this case the expected separation according to the distance of AEDANS from tryptophan was observed (Fig. 4) . The assumption that each tryptophan is an equal donor of energy could introduce additional uncertainty but Gokce et al. (13) showed that their quantum yields are similar. Specific FRET distance measurements are only valid if the donor-acceptor distance is unchanged during the lifetime of the excited state. Our assumption is that T-domain bound to TolAIII has a defined conformation whereas the free and denatured forms do not. Thus in these two forms we have to assume that we are measuring the average E value for ensembles of states that are largely unstructured. This view is supported by our NMR investigations of the unbound peptide. The dependence of E upon the distance between the probe and the donor is sigmoidal meaning that the most accurate estimation is when E is between 30 and 70%, where the dependence is quasi-linear. This corresponds to distances of 17.4 -23.0 Å, which accounts for most of our data. Mutants at the C terminus of the binding box in the GdmHCl-denatured state are the only exception. Here E was below 14% for F66C, N70C, and N71C, and the calculated R may be underestimated in these cases.
Bearing in mind these limits to accuracy, the following clear conclusions can be drawn from our study. (i) The dimensions of the T-domain binding box are different in solution and when bound to TolA-III. While the distance to the end of the binding box (mutants 70 and 71) changes only slightly, the change in the distance to the middle part (mutants 58 and 61) is considerable.
(ii) For all the mutants studied the distances get considerably longer when the T-domain is denatured by GdmHCl. (iii) The distribution of the distances for the free state does not follow the pattern expected for a statistical coil (Fig. 7) , which would be expected if the T-domain is completely unstructured in solution. (iv) According to stopped-flow data the binding and structural change occur simultaneously.
The Unbound T-domain Peptide Ensemble Has a Compact Average Conformation-Our FRET (see above) and NMR (Fig.  6 ) data lead to a conclusion that the T-domain is not an elongated random coil in solution but shows evidence of intramolecular non-covalent associations. Incubation in 5 M GdmHCl increases the end-to-end distances by up to 7 Å, and since the T-domain is monomeric in solution (by gel filtration chromatography) the apparent shortened distances of the native peptide are likely to be due to a partial collapse. This is not a molten globule state since the far UV-CD is close to random coil, the tryptophan residues show almost maximum water exposure (12) , and there is no secondary structure detectable by NMR (this work). However, our 1 H NMR measurements of the diffusion coefficient give a value of 8.57 ϫ 10 Ϫ7 cm 2 /s, which predicts a hydrodynamic radius of 19.3 Ϯ 0.2 Å. Using the empirical formulas from Ref. 34 for a protein of 99 residues, R h is expected to be 18 Å for a folded globular protein and 30 Å for a fully unfolded protein of the same size. This supports the conclusion that the unbound T-domain is disordered with one or more fluctuating clusters of side chain interactions holding it together. No electron density is observed for the T-domain in crystals of full-length colicin N, and thus the disordered state is not a consequence of its isolation from the rest of the protein.
Hence we should regard the T-domain in intact colicin N as a restricted flexible structure rather than a fully extended fishing line for Tol receptors.
T-domain Folds into a New Ordered Structure When Binding to TolA-III-Although only a few residues need to be directly involved in the binding interface, the combined folding and binding cause almost all the T-domain peptide resonances to be shifted and broadened (Fig. 6 ). This concerted folding and binding must have a significant additional cost in conformational entropy compared with the association of two prefolded partners, but our extensive ITC data is of little use for estimating this entropic term since the measured entropy change contains significant contributions from other sources, notably solvent and differences in heat capacity (⌬C p ) upon binding (18, 40) .
However, it is clear that upon binding, the T-domain peptide has an altered, and more defined, structure that involves its entire backbone. The FRET data indicate that the central region (58 -61) is stretched away from the N terminus by 3-6 Å, whereas the overall length of the binding box does not alter significantly. The simplest model that describes such a result is one in which the globular collapsed state forms an elongated structure or U-shape with the central region at the apex. From previous data the tryptophans at positions 44 and 46 form part of the interface, while we assume that the other side chains important for binding are also facing TolA-III. Importantly, the stopped-flow data, which measured FRET and tryptophan intensity changes, shows no evidence for separate binding and folding steps within the resolution of our measurements, suggesting that a single association event is taking place in which cooperative folding and binding takes place with a second-order association rate constant of 10 residues are either undefined or in an extended conformation (14 -17) . Residues 1-90 and 1-83 are unresolved in the x-ray structures of colicin N and E3, respectively (14, 15) . In colicin Ia the first 22 amino acids are not determined, and residues 23-67 are in an extended conformation held between the Tand P-domains (16) . The relationship between the colicin N T-domain and the known structure is unclear but its affinity for TolA-III increases when it is expressed as a separate domain (12) . As extensive unfolding occurs during translocation (41) it is reasonable to assume that in all cases the T-domain becomes a freely exposed flexible peptide. The Ton B-interacting porins have a parallel in the TonB box peptides of FhuA and BtuB, which change from a helical to extended conformation upon the binding of ligand to the receptor (42) (43) (44) . This indicates that, in general, interaction with Ton or, by analogy (45) Tol, domains requires a flexible peptide. Since the FhuA peptide does traverse the outer membrane, flexibility is not solely due to the need for a translocation step. One possibility is that the transporter (e.g. FhuA), or the colicin bound to its outer membrane receptor, needs a flexible interaction to recruit the periplasmic partner with which it may not have a fixed spatial relationship. The T-domains are longer than the FhuA peptide and it has been proposed that an unstructured ColN T-domain might pass through the OmpF porin channel (13) . The flexibility might indeed be required for this or similar processes but the interaction of the folded g3p phage protein with TolA-III under similar conditions suggests that again flexibility is not a prerequisite for translocation. Although colicin A and E require both TolA and TolB, colicin N and the B group colicins show that flexibility is not the consequence of the need to accommodate two periplasmic binding sites.
A fundamental reason for the reliance upon flexible peptides may be one of parsimony. Many side chains in the 27 amino acid box contribute strongly to binding and move from a solvated to dehydrated environment. This could lead to a large change in ⌬C p per residue as seen in binding of flexible peptides to DNA (46) . On the other hand most structured binding domains interact via a small proportion of their residues (35) . If the T-domains are simply an anchor to stabilize one end of the translocated state then it is highly efficient (or extremely generous) of the host bacterium to provide a rigid protein template for the compact linear toxin sequence of interacting residues to bind to. This may explain why unstructured regions of proteins show more protein-protein interactions than folded domains (46) . The remaining flexible non-binding regions may then provide linkers, which impose little restriction on the interactions of the defined binding box. Shoemaker et al. (47) have proposed the fly-casting role for flexible domains where receptor densities are low. Receptors captured over a wide radius then bind tightly because of a concerted folding of the previously flexible polypeptide. Although OmpF is present at 100,000 copies per cell, the TolA protein numbers less than 500, indicating that fly-casting Tol-recognition regions of colicins could be a requirement for efficient translocation.
In this study we have not considered the effects of colicin binding on the TolA-III protein. This has been studied by NMR using the interaction with both g3p and the larger (172 residue) T-domain of colicin A (11) . While the g3p interaction appears to leave the TolA-III structure unchanged, the colicin domain appears to destabilize it. The colicin A domain shows no sequence homology to the colicin N peptide used here, and it will be interesting to compare the ways in which these two apparently similar domains behave.
